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The present problem addresses double diffusive free convection in an inclined square cavity ﬁlled with
ﬂuid saturated porous medium under the inﬂuence of Soret and Dufour effects. The inclined cavity
makes an angle with the horizontal plane. At the two horizontal walls of the cavity the heat and solute
transverse gradients are applied and lateral walls of the cavity are being regarded insulated and
impermeable. Using the appropriate dimensionless quantities, the governing equations with boundary
conditions are transformed to non-dimensional form. The governing partial differential equations are
solved by Finite element method of Galerkin weighted residual scheme. Numerical results are obtained
for different values of the Rayleigh number, Lewis number, buoyancy ratio, Soret Number and Dufour
number. The overall investigation of variation of streamlines, isotherms, iso-concentration, Nusselt
number and Sherwood numbers are presented graphically. To examine the accuracy, the present results
are compared with the available results.
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Convective heat transfer in open cavities has long been studied
and received increases attention due to its application of practical
interest, such as nuclear reactors, solar receiver, thermal storage
and open cavity packaging of semiconductors. Several studies have
been reported, dealing with natural convection due to thermal
buoyancy forces, mainly because of its importance in industrial and
technological applications, such as geothermal energy, ﬁbrous
insulation, etc. However, less attention has been dedicated to so
called double diffusive problems, where density gradients occur
due to the effects of combined temperature and compositional
buoyancy. It was observed that an energy ﬂux can be resulted in not
only by the temperature gradient but also by the concentration
gradient. The energy ﬂux generated by a concentration gradient is
named as the Dufour (diffusion-thermo) effect. Besides, mass ﬂuxes
can also be caused by temperature gradients and it is termed as
Soret (thermo-diffusion) effect. For this situation, when a temper-
ature gradient is applied to a binary mixture, initiallylla), kishan_n@osmania.ac.in
ersity.
d hosting by Elsevier B.V. This is ahomogeneous, thermal diffusion takes place, giving rise to a solutal
gradient. There are some important engineering applications for
this phenomenon, such as the transport of moisture in ﬁbrous
insulations or grain storage insulations and the dispersion of con-
taminants through water saturated soil, bio-chemical contami-
nants transport in environment, and underground disposal of
nuclear wastes and crystal growth process. For the crystal growth
process, the behaviour of convective ﬂows has a strong effect on the
temperature and solute temporal variations which lead to
nonuniform crystal growth and undesirable nonhomogeneous
crystals. Bejan (1984) [4] has reported a fundamental study of
thermosolutal convection. Studies on double diffusive convection
can be classiﬁed generally under two types of conﬁgurations. The
ﬁrst where heat and mass gradient act in the horizontal direction.
While in the second, heat and mass gradients act in the vertical
direction. In both cases, the gradients could be cooperating or
opposing each other. The study of double-diffusive free convection
in ﬂuid-saturated porous media has been motivated by the enor-
mous applications in many engineering ﬁelds such as the under-
ground spreading of chemical contaminants through water-
saturated soil. A comprehensive review of the natural convection
due to combined thermal and solutal driving forces was conducted
by Nield and Bejan (1999), Ingham and Pop (2002) [12,18].
Most of the existing studies in the literature on double diffusive
convection are concerned with rectangular cavities where then open access article under the CC BY-NC-ND license (http://creativecommons.org/
Fig. 1. Physical model and coordinate system.
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horizontal. Trevisan and Bejan (1985) [23] ﬁrst reported on a
comprehensive numerical study of the natural convection phe-
nomenon occurring inside a porous layer with both heat and mass
transfer from the side. Numerical results for overall heat and mass
transfer through porous cavity are presented using a Darcy model
and compared with scale analysis for several parameters, which
governs natural convection. Mixed convection effects of heat and
mass transfer of laminar boundary layer ﬂows are examined by
Abreu et al. (2006) [3]. Double diffusive convection in a porous
enclosure has been studied by Bourich (2004) [6]. Rebai et al.
(2008) [21] presented both numerical and analytical study of the
thermo-solutal convection with Soret effect in a square enclosure
ﬁlled with binary ﬂuid mixture. Bhuvaneswari et al. (2011) [7]
performed numerical analysis to understand the MHD mixed
convection ﬂow with Soret effect in a two-sided lid-driven square
cavity. Mchirgui et al. (2012) [17] reported a numerical study of
double-diffusive convection through a square cavity ﬁlled with
saturated porous medium and submitted to horizontal concen-
tration and thermal gradients. Khadiri et al. (2010) [13] presented
a numerical study of the Soret effect on double diffusive convec-
tion in a square cavity ﬁlled with a saturated Darcy porous me-
dium. Chamkha and Al-Mudhaf (2008) [9] investigated the
double-diffusive free convection in inclined porous cavities with
the effects of temperature-dependent heat source/sink. A Darcy
model of double diffusive convection in a tilted slot ﬁlled with
porous medium was investigated by Mamou et al. (1995) [16].
Convection in a rectangular cavity ﬁlled with ﬂuid saturated
porous media heated from below with cold sidewalls is studied by
Hossain and Rees (2003) [11]. Natural convection with opposing
horizontal heat and solute gradients has been studied in a porous
cavity by Bera and Khalili (2002) [5] using the Darcy model.
A mathematical model for the steady thermal convection heat and
mass transfer in ﬂuid-saturated Darcian porous medium
with signiﬁcant Dufour thermo-diffusion, Soret diffuso-thermal
effects and viscous heating is reported by Rawat and Bhargava
(2009) [20].
Costa (2004) [10] carried out a numerical study for double-
diffusive natural convection in parallelogrammic enclosures ﬁlled
with moist air. Chamkha and Naser (2001) [8] studied the problem
of unsteady, laminar double-diffusive convective ﬂow of a binary
gas mixture in an inclined rectangular enclosure ﬁlled with a uni-
form porous medium. Unsteady MHD free convection ﬂow in a
porous medium over a vertical plate is studied by Khalid et al.
(2015) [14] and Abid Hussanan et al. (2014) [2]. Kishan et al. (2009)
[15] examined the effects of Soret and Dufour on MHD free con-
vection heat and mass transfer from a vertical surface in a doubly
stratiﬁed Darcy porous medium. Double-diffusive free convection
in an inclined square cavity ﬁlled with ﬂuid saturated porous media
is investigated by Abdelkrim and Mahfoud (2014) [1]. A numerical
analysis of double diffusive MHD free convection ﬂow in rectan-
gular enclosure with heat source was performed by Teamah (2008)
[22]. Nithyadevi and Yang (2009) [19] studied the inﬂuences of
Soret and Dufour on double diffusive natural convection in a
partially heated enclosures.
The present investigation is to study the double-diffusive free
convection in inclined square cavity ﬁlled with the saturated
porous media under the inﬂuence of Soret and Dufour effects. The
inclined cavity makes an angle with the horizontal plane and it is
with localised heating and salting from bottom. The system of
governing equations are solved by using the Finite element method
of Galerkin weighted residual scheme. The numerical results ob-
tained, are shown graphically for isotherms, streamlines and iso-
concentrations. The Nusselt number and Sherwood numbers are
also presented graphically.2. Mathematical formulation
Consider a square-saturated porous cavity with length H as
depicted in Fig. 1. The cavity is tilted at an angle f with respect to
the horizontal plane. The wall at y ¼ H represents the low tem-
perature Tl and low concentration C0l and the wall at y ¼ 0 denotes
the high temperature Th and high concentration C0h. The other two
walls are regarded as being insulated and impermeable. It is sup-
posed that the third dimension of the cavity is large enough so that
the ﬂuid ﬂow and heat and mass transfer can be considered two-
dimensional. Hypotheses of incompressible and laminar ﬂow are
considered, and the saturated porous medium is assumed isotropic
and homogeneous with constant thermo physical properties.
Interaction between the thermal and concentration gradients,
(Soret and Dufour effects) are considered. The binary ﬂuid that
saturates the porous matrix is modelled as a Boussinesq incom-
pressible ﬂuid whose density variation can be expressed as:
r ¼ r0
h
1 bTðT  TlÞ  bC

C
0  C0l
i
(1)
where
bT ¼ 
1
r0

vr
vT

P;C0
; bC ¼ 
1
r0

vr
vC0

P;T
(2)
The governing equations are:
vu
vx
þ vv
vy
¼ 0 (3)
u ¼ K
m

vP
vx
þ rg sin f

(4)
v ¼ K
m

vP
vy
þ rg cos f

(5)
u
vT
vx
þ v vT
vy
¼ a
 
v2T
vx2
þ v
2T
vy2
!
þ DmKt
CsCp
 
v2C
0
vx2
þ v
2C
0
vy2
!
(6)
u
vC
0
vx
þ v vC
0
vy
¼ Dm
 
v2C
0
vx2
þ v
2C
0
vy2
!
þ DmKt
Tm
 
v2T
vx2
þ v
2T
vy2
!
(7)
On eliminating the pressure from Equations (4) and (5) and
using the stream function j which is deﬁned as u ¼ vjvy and v ¼ vjvx,
we obtain
C.S. Balla, K. Naikoti / Engineering Science and Technology, an International Journal 18 (2015) 543e554 545v2j
2 þ
v2j
2 ¼ 
gbTK

cos f

vT þ bC vC
0
 sin f

vT þ bC vC
0
vx vy n vx bT vx vy bT vy
(8)
The following non dimensional variables are introduced
X ¼ x
H
; Y ¼ y
H
; U ¼ uH
a
; V ¼ vH
a
; J ¼ j
a
; q
¼ T  T1
Th  T1
; C ¼ C
0  C01
C0h  C01
The dimensionless governing equations, based on the above
deﬁnitions, are as follows:
vU
vX
þ vV
vY
¼ 0 (9)
v2J
vX2
þv
2J
vY2
¼Ra

cosf

vq
vX
þN vC
vX

 sinf

vq
vY
þNvC
vY

(10)
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þ V vq
vY
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v2q
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!
þ Du
 
v2C
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(11)
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þ V vC
vY
¼ 1
Le
 
v2C
vX2
þ v
2C
vY2
!
þ Sr
 
v2q
vX2
þ v
2q
vY2
!
(12)
The dimensionless boundary conditions are:
q ¼ 1; C ¼ 1; J ¼ 0 at Y ¼ 0; cX
q ¼ 0; C ¼ 0; J ¼ 0 at Y ¼ 1; cX
vq
vX
¼ vC
vX
¼ J ¼ 0 at X ¼ 0; and X ¼ 1; cY
where N is the buoyancy ratio, Le is the Lewis number, Ra is the
thermal Rayleigh number, Du is the Dufour number and Sr is the
Soret number and are given by
Ra ¼ gHbTKDT
an
; N ¼ bCDC
0
bTDT
; Le ¼ a
Dm
;
Du ¼ DmKt

C0h  C01
	
aCsCpðTh  T1Þ
; Sr ¼ DmKtðTh  T1Þ
aTm

C0h  C01
	
The local values of Nusselt and Sherwood numbers on the bot-
tom wall are given by
Nu ¼ 

vq
vY

Y¼0
; Sh ¼ 

vC
vY

Y¼0
3. Method of solution
The dimensionless partial differential Equations (4)e(6) are
solved by weighted residual Galerkin ﬁnite element method. In
weighted residual approach the unknowns are replaced
by approximate trial solution which in the context of a
discretized domain are given by polynomial relationships to obtain
the residuals. These residuals are then multiplied by weight
functions and their integrals over an element domain are set to be
zero. Let the approximate solutions of J, q, C are
J ¼ P
i¼1
3
3Jixi; q ¼
P
i¼1
3
3qixi; C ¼
P
i¼1
3
3Cixi where xi are the linear
interpolation functions for a triangular element.
The Galerkin ﬁnite element model for a typical element Ue is
given by
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where
K11 ¼ ∬
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
 vxj
vX
vxi
vX
 vxj
vY
vxi
vY

dXdY;
K12 ¼ Ra∬
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dXdY; F3 ¼ 0;
where U ¼ P
j¼1
3
3Ujxj, V ¼
P
j¼1
3
3Vjxj and vUe is boundary of the
element Ue, n is the unit outward normal. The whole domain is
divided into 800 triangular elements of equal size. Each element is
three nodded, therefore whole domain contains 441 nodes. Each
element matrix is of order 9  9, since at each node three functions
are to be evaluated. Hence after assembly of the elemental equa-
tions, we obtain a system of 1323 non-linear coupled equations. To
linearize the system of equations the functions U, V are incorpo-
rated, which are assumed to be known. After imposing the
boundary conditions a matrix of system of linear equations of order
1083  1083 is remained. This system has been solved by using
Gauss siedel iteration method.
4. Results and discussions
The present numerical computations are validated by
comparing the results for streamlines, isotherms and iso-
concentration proﬁles using values Ra ¼ 200, f¼0, N ¼ 0.3,
Du¼ 0, Sr¼ 0 and Le¼ 0.1,1,10 with the values of Bourich (2004) [6]
and Abdelkrim and Mahfoud (2014) [1]. As shown in Table 1 the
numerical solutions of present work are in good agreement with
theworks of Bourich (2004) [6] and Abdelkrim andMahfoud (2014)
[1].
Numerical results of streamlines, isotherms and concentration
proﬁles for various values of governing ﬂow parameters such as
Lewis number Le, Raleigh number Ra, Buoyancy ratio N, Dufour
number Du, Soret number Sr and inclination angle f presented
graphically. The default values of parameters are taken to be
Le¼ 0.8, Ra¼ 100, f¼ 60,N¼ 1,Du¼ 1, Sr¼ 1 unless speciﬁed. The
effect of inclination angle f on the ﬂow, thermal and concentration
ﬁelds are presented in Fig. 2(a)e(c) respectively for different values
of f¼0, 30, 45, 90. From Fig. 2(a) it is observed that the ﬂuid
ﬂow covers entire cavity in the absence of f i.e., the case of
Table 1
The average Nusselt numbers and Sherwood numbers for f ¼ 0, Ra ¼ 200, N ¼ 0.3, Du ¼ 0, Sr ¼ 0 and Le ¼ 0.1, 1, 10.
Le Nu Sh
Bourich (2004) [6] Abdelkrim (2014) [1] Present work Bourich (2004) [6] Abdelkrim (2014) [1] Present work
0.1 4.633 4.484 4.6067 1.221 1.209 1.2142
1 4.276 4.130 4.2394 5.086 4.840 4.9736
10 4.078 3.983 4.0131 17.02 15.870 16.7578
C.S. Balla, K. Naikoti / Engineering Science and Technology, an International Journal 18 (2015) 543e554546horizontal cavity. The streamlines have signiﬁcant change due to
the inclination in the cavity from f¼0 to 90. The nature of
streamlines takes vertical pattern from horizontal with the
increasing of the inclination angle. In addition, the streamlines
slightly tilted on right hand side and increases the streamline
values up to the angle of inclination angle changes from f¼0 to 45
and there is a slight decrease in the streamline values with the
tilted angle from f¼45 to 90. The physical parameter f enhances
from 0 to 90, the isotherm contours tend to get affected consid-
erably. In the case of horizontal cavity (f¼0) the main cell diverts
into two cells with opposite directions symmetric at X ¼ 0.5. The
isotherms have signiﬁcant change from the inclination angle f¼30
to 90. From Fig. 2(b) it is observed that the isotherms are crowded
around the active location on the bottom and top surfaces. With the
increase of inclination angle the isotherms become the contours
along the leading edge of the cavity. It is also noticed that the
isotherm values increase along with the inclination angle up to
f¼0 to 45 and slightly decreases when the inclination angle tilted
from 45 to 90. Fig. 2(c) reveals that the iso-concentrations
affected considerably as the cavity tilted from horizontal to verti-
cal (f¼0 to f¼90). Concentration contours are crowded at the
bottom of the plate and the concentration contour values decrease
as the contours reach the upper surface which are parallel to hor-
izontal axis, in the case of inclination angle f¼0. The concentration
values increase when inclination angle changes from f¼0 to 30.
The cavity tilted from 30 to 90, the concentration contours reduce
slightly.
Fig. 3(a)e(c) display the streamlines, isotherms and concentra-
tion contours respectively, for different Lewis numbers Le. It is
observed from these ﬁgures that for Le ¼ 0.1 a recirculation cell
occupying the major cavity is found and the vortices look like cir-
cles at the centre of the cavity. The size of inner vortex of this cell
becomes larger circles and tilted towards the right wall with the
increasing of the Lewis number. The isotherms are crowded around
the active location on the bottom surface of the cavity with two
semi vortices near the bottom wall and one at upper wall for
Le ¼ 0.1. In addition the isotherm lines corresponding to Le ¼ 1
becomesmore curved and one vortex is created at the cold wall and
the semi vortex is created at the bottom surface. The effect of Lewis
number leads to increase the isotherm values. The iso-
concentration values decreases with the increase of Lewis num-
ber. The concentration lines are almost horizontal for Le ¼ 0.1. Due
to rising values of Le the concentration lines at the middle part of
the cavity become vertical where as they are almost horizontal at
bottom and top of the surfaces. Hence a decrease in the over all
mass transfer within the cavity with the increase of Lewis number
is observed.
Fig. 4(a) illustrates the streamlines for different values of
buoyancy ratio N. From this ﬁgure it can be seen that the inner
vortex of the cavity becomes smaller and tilting towards the right
wall of the cavity with the increase of N value. It is noticed that as
the buoyancy ratio increases, the strength of ﬂow circulation en-
hances. The effect of buoyancy ratio on the isotherms is illustrated
in Fig. 4(b). As the value of buoyancy ratio increases the isotherm
values increase. ForN¼ 1 the isotherms become two vortices one atlower wall (at X ¼ 1) and other at upper wall (at X ¼ 0). It is also
observed that with the increase of N the vortex at bottom surface
slowly disappears and the vortex near the upper surface is become
weaker. The iso-concentration contours are plotted for different
values of N in Fig. 4(c). It is noticed that the iso-concentration lines
are horizontal at bottom and top surfaces and vertical at middle of
the cavity. Increasing the N value leads to deformation of the
concentration boundary layers at the right and left part of thewalls.
As N increases, a concentration vortex appeared near the middle of
the top surface. It is also observed that boosting the buoyancy ratio
N leads to reduce the concentration contours values.
The effect of Dufour number on the ﬂow, thermal and concen-
tration ﬁelds is presented in Fig. 5(a)e(c) respectively. A tilted
recirculation cell is found forDu¼ 0.1. The size of the inner vortex of
this cell becomes larger with the increasing of the Dufour number.
It is also observed that the tilt of the vortex as well as the strength of
the ﬂow are decreased with the increase in Du. The isotherm values
decrease with the increase of Du. The isotherms are diagonally
stratiﬁed and they are dense near the bottom surface for
Du ¼ 0.1,0.5 which indicates the heat transfer from bottom surface
to upper surfacewhen the cavity is inclined. ForDu¼ 1 two vortices
with diagonally stratiﬁed isotherms in between them are formed.
The concentration values increase with increase of Du. For Du ¼ 0.1
a vortex is created at the upper surface and a semi vortex at the
bottom surface. As the Dufour number increase from Du ¼ 0.5 to 1
the vortices slowly disappear. It is also observed that the concen-
tration lines near the bottom wall are thicker indicating the mass
ﬂux is high at the bottom surface.
Fig. 6(a)e(c) expose the effect of Soret number Sr on the
streamlines, isotherms and concentration contours respectively for
different values of Soret number. The streamlines values decrease
with the increase in the Soret number. For Sr ¼ 0.1 a slightly tilted
recirculating cell occupies the cavity. The inner vortex of the cavity
becomes larger as the Soret number increases. Two vortices with
diagonally stratiﬁed isotherms in between them are observed for
Sr ¼ 0.1. As the Soret number increases the circulation of isotherms
around the vortices increases. The concentration lines are hori-
zontal near the bottom and top surfaces. As the Soret number in-
creases the concentration lines in the central region of the cavity
becomes vertical.
Figs. 7e12 depict the effects of Le, N, Du, Sr, Ra and f on the
distributions of local Nusselt number and Sherwood number along
the hot wall (Y ¼ 0). From Fig. 7, it is observed that the effect of Le is
to decrease the Nusselt number and it should be noted that more
intensive increment in Sherwood number occurs close to the bot-
tomwall of the cavity owing an effect of Le. It is clear that the value
of NuX is higher at the left wall and less at the right wall. Fig. 8
presents that rise in N leads to decrease the Nusselt number and
to enhance the Sherwood number. Fig. 9 expresses that the effect of
Dufour number is to increase the Nusselt number and to decrease
the Sherwood number. From Fig. 10 it is observed that the Nusselt
number increases for 0 < X< 0.35 and decreases for 0.35 < X< 1
with the increase of Sr. As the Soret number increases, the Nusselt
number increases near the left adiabatic wall, while opposite
phenomena is observed near the right adiabatic wall. The
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Fig. 3. (a) Streamlines (b) Isotherms (c) Concentration contours for Le ¼ 0.1, 0.5, 1.
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Fig. 4. (a) Streamlines (b) Isotherms (c) Concentration contours for N ¼ 1, 2, 3.
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Fig. 5. (a) Streamlines (b) Isotherms (c) Concentration contours for Du ¼ 0.1, 0.5, 1.
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Fig. 6. (a) Streamlines (b) Isotherms (c) Concentration contours for Sr ¼ 0.1, 0.5, 1.
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From Fig. 11 it is noticed that, as the Rayleigh number increases, the
Nusselt number increases near the left adiabatic wall, while
opposite phenomena is observed near the right adiabatic wall.
From Fig. 12 it is noticed that the inclination angle f of the cavity
increases both the Nusselt number and Sherwood number.5. Conclusions
The inﬂuence of inclination of cavity on double diffusive natural
convection boundary layer ﬂow inside a square cavity ﬁlled with
saturated porous media under the inﬂuence of thermo diffusion
and diffusion thermo effects is studied. The inclined cavity makes
(a) (b)
Fig. 7. Effect of Le on (a) Nusselt number (b) Sherwood number at Y ¼ 0.
(a) (b)
Fig. 8. Effect of N on (a) Nusselt number (b) Sherwood number at Y ¼ 0.
C.S. Balla, K. Naikoti / Engineering Science and Technology, an International Journal 18 (2015) 543e554552and angle f with the horizontal line. The ﬂow, temperature and
concentration ﬁelds as well as heat and mass transfer rate are
analysed for various values of ﬂow parameters Lewis number Le,
buoyancy ratio N, Dufour number Du, Soret number Sr and incli-
nation angle f. The computational results lead to the following
conclusions:
 The nature of streamlines takes vertical pattern from horizontal
with the increasing of inclination angle a. The isotherm contours(a) (b)
Fig. 9. Effect of Du on (a) Nusselt numbtend to get affected considerably with the enhance of f from
0 to 90. In the case of horizontal cavity the main cell diverts
into two cells with opposite directions from the centre of hori-
zontal width. The isotherms are crowded around the active
location on the bottom and top surfaces. As increasing the f the
iso-concentrations decrease.
 With the increase of Lewis number the size of inner vortex of
the cell becomes larger circles and tilted towards the right wall
of the cavity. The effect of Le leads to increase the isothermer (b) Sherwood number at Y ¼ 0.
(a) (b)
Fig. 10. Effect of Sr on (a) Nusselt number (b) Sherwood number at Y ¼ 0.
(a) (b)
Fig. 11. Effect of Ra on (a) Nusselt number (b) Sherwood number at Y ¼ 0.
C.S. Balla, K. Naikoti / Engineering Science and Technology, an International Journal 18 (2015) 543e554 553values. The inﬂuence of Le leads to a decrease in the over all
mass transfer with in the cavity.
 The strength of the ﬂow decreases with the increase of Dufour
number Du. The effect of Du leads to decrease the isotherm
values and increase the concentration values.(a) (b)
Fig. 12. Effect of f on (a) Nusselt numb The effect of Soret number Sr is to decrease the streamlines and
the inner vortex of the cavity becomes larger. As the Soret
number increases circulation of isotherms around the vortices
increases. With the inﬂuence of Sr the concentration lines
become horizontal near the bottom and top surfaces and
become vertical in the central region of the cavity.er (b) Sherwood number at Y ¼ 0.
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Nomenclature
C0: concentration
C: dimensionless concentration
Cp: speciﬁc heat at constant pressure
Cs: concentration susceptibility
Dm: mass diffusivity
Du: Dufour number
g: gravitational acceleration
H: length of the square cavity
K: permeability of the porous medium
Kt: thermal diffusion ratio
Le: Lewis number
N: buoyancy ratio
Nu: Nusselt number
P: pressure
Ra: Rayleigh number
Sr: Soret number
Sh: Sherwood number
T: temperature
u,v: velocity components
U,V: dimensionless velocity components
x,y: co-ordinates
X,Y: dimensionless co-ordinates
Greek symbols
a: thermal diffusivity
bT: thermal expansion coefﬁcient
bC: solutal expansion coefﬁcient
m: dynamic viscosity
n: kinematic viscosity
f: inclination angle
j: stream function
J: dimensionless stream function
r: density
q: dimensionless temperature
Subscripts
l: low temperature
h: high temperature
